ABSTRACT: The present study describes the use of molecular methods in studying infectious salmon anaemia virus (ISAV), an important pathogen of farmed salmon in Norway, Scotland, the Faeroe Islands, Canada, USA and Chile. The nucleotide sequences of the haemagglutinin gene (HA) from 70 ISAV isolates have been analysed for phylogenetic relationship and the average mutation rate of nucleotide substitutions calculated. The isolates constitute 2 major groups, 1 European and 1 North American group. The isolate from Chile is closely related to the North American isolates. The European isolates can be further divided into 3 separate groups reflecting geographical distribution, time of collection, and transmission connected with farming activity. Based on existing information about infectious salmon anaemia (ISA) and new information emerging from the present study, it is hypothesised that: (1) ISAV is maintained in wild populations of trout and salmon in Europe; (2) it is transmitted between wild hosts mainly during their freshwater spawning phase in rivers; (3) wild salmonids, mainly trout, possibly carry benign wild-type ISAV isolates; (4) a change (mutation) in virulence probably results from deletions of amino acid segments from the highly polymorphic region (HPR) of benign wild-type isolates; (5) ISA emerges in farmed Atlantic salmon when mutated isolates are transmitted from wild salmonids or, following mutation of benign isolates, in farmed salmon after transmission from wild salmonids; (6) farming activity is an important factor in transmission of ISAV between farming sites in addition to transmission of ISAV from wild salmonids to farmed salmon; (7) transmission of ISAV from farmed to wild salmonids probably occurs less frequently than transmission from wild to farmed fish due to lower frequency of susceptible wild individuals; (8) the frequency of new outbreaks of ISA in farmed salmon probably reflects natural variation in the prevalence of ISAV in wild populations of salmonids.
INTRODUCTION
Molecular methods have become important tools in the study of the diversity, maintenance and dissemination of viral diseases (Hungnes et al. 2000) . In order to understand the spreading of fish diseases, comparisons of gene sequences from different isolates of fish viruses have been presented in several publications , Snow 1999 , Dalla Valle et al. 2001 , Krossøy et al. 2001b , Weston et al. 2002 . In these studies, gene sequences were used to deduce phylogenetic relationships between the different isolates and thus trace viral evolution and routes of dissemination.
The infectious salmon anaemia virus (ISAV) has a worldwide distribution, occurring in most salmonproducing countries (Thorud & Djupvik 1988 , Mullins et al. 1998 , Rodger et al. 1998 , Rowley et al. 1999 , Bouchard et al. 2001 , Kibenge et al. 2001a , Raynard et al. 2001a . It has a segmented genome (8 segments) and all segments have been sequenced, but the functional products of all genes have not yet been identified (Clouthier et al. 2002) .
However, the ISAV haemagglutinin gene has been identified , Kibenge et al. 2001b , Krossøy et al. 2001a , Rimstad et al. 2001 ) and, based on other studies of orthomyxoviruses, this gene should be well suited for isolate comparisons (cf. Webster et al. 1992) . The first studies using this gene from the ISAV have already been published (Devold et al. 2001 , Kibenge et al. 2001b ). The open reading frame (ORF) of the haemagglutinin gene of the ISAV ranges from about 1161 base pairs (bp) to about 1233 bp, depending on the length of a highly polymorphic region (HPR) (cf. Devold et al. 2001 , Kibenge et al. 2001b , Krossøy et al. 2001a ). This gene was used by Devold et al. to separate a selection of 36 European ISAV isolates. However, what seemed to be possible recombination events within the HA gene led Devold et al. (2001) to suggest that only about 900 bp at the 5'-end region of the gene, excluding the HPR and the 3'-end region, could be used in construction of the ISAV phylogeny.
The ISAV is considered to be a marine virus, causing disease in marine salmon farms and at smolt production sites that use seawater. It is also believed that transmission of the virus occurs in the marine phase of the salmon and, in most cases, is connected with farming activity. The present study presents a hypothesis suggesting that the maintenance of the ISAV is connected with wild salmonids in the freshwater phase and that the emergence of new isolates in salmon farms is a result of transmission from wild salmonids.
MATERIALS AND METHODS
The present study is based on sequences of the haemagglutinin gene ( Fig. 1 ) from different ISAV isolates published by Devold et al. (2001) , Kibenge et al. (This quartet puzzle-tree is not completely resolved.) Isolates resolve into 3 groups: G1, G2 and G3. Scale bar/branch length is proportional to number of substitutions. Isolate code nos. as in Table 1 (2001b), Krossøy et al. (2001a) , Rimstad et al. (2001) and Clouthier et al. (2002) . (For isolates and their respective accession numbers see Table 1 .) In addition, the sequence of the HPR from an ISAV (accession no. AJ440971) present in wild salmon from Scotland (Scot-w), and the HA gene of 1 isolate from the Faeroe Islands and 8 new Norwegian isolates, are included. Sequences of the haemagglutinin gene from a total of 70 isolates were included in this study (see Table 1 ). The majority (79%) of these isolates were collected between 1996 and 2002, which means that the first 10 yr (1984 to 1993) of ISA infection in Norwegian aquaculture are poorly represented.
The new isolates included in this study were cultured in ASKV-cells (cf. Devold et al. 2000) . The extraction of RNA, RT-PCR and sequencing were performed as described by Devold et al. (2001) . It was, however, not possible to sequence the PCR products from Isolate N5/89: this product was cloned and 10 different clones from this isolate were sequenced.
The Vector NTI Suite software package (InforMax) was used for multiple alignment of partial nucleotide and protein sequences. To perform pairwise comparisons between the different sequences from the ISAV isolates, the multiple-sequence alignment editor GeneDoc was used.
In addition to software analysis of the sequences, the highly polymorphic region (HPR) of the haemagglutinin gene was manually aligned and compared for all isolates.
Phylogenetic analyses of the data sets were performed using PAUP* version 4.0 (Swofford 1998 , Devold et al. 2001 ) and Puzzle 5.0 (cf. Aspehaug et al. 1999) . All surface tail St regions (5'-end) of the HA sequences from the isolates (see Table 1 ) were included in the data set in the first phylogenetic analysis. This data set is not shown, but the 2 phylogenetic trees presented herein (see Figs. 2 & 3) are based on a selection from this data set. (Fig. 2 includes all isolates from Norway, Scotland and the Faeroe Islands presented in Table 1 , while Fig. 3 is based on an analysis of only those isolates that are included in that figure. ) Exclusion of the Canadian isolates did not change the internal relationship between the European isolates (see Fig. 2 ), nor did exclusion of isolates change the major branches of the tree presented (see Fig. 3 ). Phylogenetic analyses including both the St region and the 2 short regions transmembrane (TMR) and cytoplasmic tail (Ct) did not change the phylogenies (phylogenetic tree not presented). To secure homology of the sequences used in the phylogenetic analyses, only the St region was used. Inclusion of the HPR in the analysis would change the phylogeny and result in a tree that, to a large extent, would be dominated by the different HPR groups (Devold et al. 2001) . Phylogenetic trees were drawn using TreeView (Page 1996) .
A recommended method of estimating the rate of nucleotide substitutions is to examine the phylogenetic relationship of genes from different isolates and then use only isolates that are closely related by descent (Saitou & Nei 1986) . The rate of nucleotide substitu- tions, based on all nucleotide mutations in the flanking regions (St, TMR and Ct) of the HPR of the haemagglutinin gene, for isolates that clustered together in the phylogenetic tree was calculated using the Kimura 2-and 6-parameter test (Gojobori et al. 1990 ). The estimated average mutation rate (assumed to represent a constant rate of nucleotide substitutions) was then used to calculate a divergence date between the Norwegian and Canadian isolates based on this gene. The nomenclature for classification of the different ISAV isolates based on the HPR is as described by Devold et al. (2001) .
RESULTS
The accession numbers of the new ISAV isolates from Norway and the Faeroe Islands are given in Table 1 . The highly polymorphic region (HPR) of the European isolates varies in length between 11 and 35 amino acids, where the maximum number of amino acids is found in HPR0 (ISAV from wild salmon in Scotland, Scot-w) and the lowest number in HPR8 (Isolates SF48/99 and MR46/99 from Norway). In a study of Canadian ISAV isolates, 2 HPR groups (HPR20 and HPR21) consisting of 28 and 18 amino acids, respectively, were found , Kibenge et al. 2001b Table 3 .
The number of variable nucleotide sites within the 5'-end flanking region (St) was 83 out of 1002 (8.3%). The first 9 nucleotides of the ORF are not included in the alignment. Much of the nucleotide variation in the 5'-end flanking region is concentrated between Positions 82 and 141 (12 variable sites) and between 936 and 1011 (19 variable sites) relating to the ORF of Isolate H36/98.
Calculations of the mutation rate for the isolates that clustered together in the phylogenetic analysis ( Fig. 2) indicate an average substitution rate of 5.0 ¥ 10 -4 nucleotides site -1 yr -1 for both the 2-and 6-parameter test, which is to be expected when the data set contains a small number of substitutions (Gojobori et al. 1990) . When this mutation rate is used to calculate the divergence date between the Norwegian and Canadian isolates, indications are that this divergence might have happened around 200 yr ago.
The ISAV isolates can be classified into 2 major groups, an American group and a European group (Fig. 3) . The similarity between the European isolate N49/99 and the Canadian isolate CCBB, at the protein and nucleotide level, is less than 90% (Table 3) . One Canadian isolate, Can-13 (Nova Scotia HPR3), is however similar to the European isolates. This Canadian isolate is not included in the phylogeny of the European isolates since the sequence deposited in the GeneBank (Accession No: AF294881) is shorter that those used in the phylogenetic analysis of the European isolates. The numbers of amino acid and nucleotide differences between Can-13 and F72/02 are given in Table 3 . The European isolates can be further divided into distinct groups with high support values. The phylogeny resulting from comparison of the St sequences (5'-end) shows that European isolates resolve into 3 groups, G1 to G3 (Fig. 2) ; 2 of these groups can be further divided into 2 subgroups each.
The smallest group (G1) consists of 6 Norwegian isolates collected between 1996 and 2000 (support value SV = 97). The majority of these isolates (N = 4) come from Sør-Trønderlag (ST) and belong to HPR6; one of the other isolates comes from a neighbouring area (Møre og Romsdal, MR52/00: HPR10), while the last isolate (N49/99: HPR7) comes from Nordland (N), northern Norway.
Group G2 (SV = 79) consists of 15 isolates including 1 from Scotland (ISA99/01). This group can be subdivided into 1 group consisting of 7 isolates and another consisting of 8 isolates. The latter group contains 7 isolates (all HPR11), mostly from western Norway, col- (Table 3) .
The largest of the 3 groups (G3, SV = 99) consists of 29 isolates with 15 in one subgroup and 14 in the other subgroup. The isolates were collected between 1987 and 2000. The larger of these 2 subgroups contains the oldest isolate available (H1/87). This isolate can be connected to the first official outbreak of ISA in Norway and groups closely together with 2 other isolates from the same county (H7/92 and H8/93), all 3 belonging to HPR1. The other isolates within this subgroup come from different parts of Norway (T, N, ST and SF) and Scotland, and belong to 6 different HPR groups (2, 3, 6, 7, 8, and 9) . The relationship between these isolates is not fully resolved, but some of them group together with high support values. The smaller of the 2 subgroups contains isolates from both Norway and Scotland. Most of the isolates within this subgroup belong to HPR7 (Table 1, Fig. 2 ). The Scottish isolates, which all belong to HPR7, stand apart (Fig. 2) . The Scottish isolate (ISA99/01) stands somewhat apart from the other 4 isolates.
The other HPR groups (HPR 4, 5, 9, 10 and 12) contain only 1 isolate each, while HPR1, HPR3 and HPR8 contain 3, 2 and 2 isolates, respectively. The isolates in HPR1 group closely together, while the 2 geographically closely related isolates in HPR8 belong to 2 different subgroups within the G3 group. The 2 isolates within HPR3 come from the Faeroe Islands (F72/02) and Nordland (N9/93) and show no close phylogenetic relationship (Fig. 2) .
DISCUSSION
The phylogenetic analysis based on the 5'-end flanking (St) region to the highly polymorphic region (HPR) of the haemagglutinin gene shows that the ISAV isolates cluster in 2 major groups. One group contains all the North American isolates with the exception of 1 isolate from Nova Scotia (Kibenge et al. 2001b , while the other contains European isolates collected from Norway, Scotland, the Faeroe Islands and Nova Scotia, Canada. This is consistent with earlier studies of ISAV isolates (Blake et al. 1999 , Cunningham & Snow 2000 , Inglis et al. 2000 , Devold et al. 2001 , Kibenge et al. 2001b , Krossøy et al. 2001a . The European isolates can be further divided into 3 groups with relatively high support values (Fig. 2) . The first group (G1) contains a few Norwegian isolates only, while the second group (G2) contains, in addition to Norwegian isolates, 1 isolate from the Faeroe Islands and 1 from Scotland (ISA99/01). The third group contains Scottish and Norwegian isolates, but the relationships among these isolates are partly unresolved. The isolate from Nova Scotia (Can-13) has not been included in the phylogeny of European isolates, but is a sister-group to the European isolates (Fig. 3) .
Possible mechanism for change in virulence of ISAV
The mutation rate for the HA gene (based on the flanking regions to the HPR) was calculated to be 5.0 ¥ 10 -4 nucleotides site -1 yr -1
, which is slightly lower compared to the mutation rate reported for the polymerase gene PB1 (0.96 ¥ 10 -3 nucleotide yr -1
) from the ISAV (Krossøy et al. 2001b ). Differences in mutation rate are not surprising since each virus gene may evolve differently because of different selective pressures and evolutionary constraints (Webster et al. 1992 ). The HA may be subjected to strong selection pressure from neutralising antibodies of the host immune system and may evolve more rapidly compared to the polymerases. Hence, it is surprising that the HA gene from ISAV evolved more slowly than PB1. This low mutation rate of the St region (part of the HA, protruding from the surface of infective virus particles, exposed to antibodies, possibly neutralising, produced by the host) of the HA gene could indicate that the ISAV has a different mechanism of counterselection by the host immune system. One possible explanation is that changes in the HPR result in changes in the virulence of the ISAV. Specifically, that deletion of amino acid segments from what may be a non-pathogenic wild-type HPR0 may change the virulence. This wild-type virus may have 'molecular mimicry', or only be able to propagate in a limited number of target cells (partly hidden from the host immune system), or simply produce a very low number of infective particles. Deletion, or a series of deletions, of amino acids from the HA may change the charge of the protein or the tertiary structure resulting in a change in the exposure of epitopes and binding to target cells. HPR0 has been sequenced from ISAV in wild Atlantic salmon from Scotland and consists of 35 amino acids, representing the longest stretch of amino acids among the HPR groups (Cunningham et al. 2002) ( Table 2 ). Comparison of the other HPR groups with HPR0 reveals that all HPR groups can be understood as a result of deletions of amino acid segments from the full-length HPR0 sequence. There is no longer a need for possible recombination events to explain the variability of HPR found in European isolates (cf. Devold et al. 2001) . Each HPR group could represent separate mutation events, i.e. deletions of nucleotide segments from a wild-type HPR0 isolate. If the same sequences are deleted in distantly related isolates, the result would be isolates with similar HPR group, but not closely related when comparing the 5'-end flanking regions. This would explain why isolates within HPR7 from different regions in Norway do not group closely together. These isolates could represent more than 1 mutation event in different geographical areas with different HPR0 isolates as a starting point. The result-ing pattern would be slightly confused by transportation of ISAV isolates due to farming activity. Transportation by human activity may explain why isolates with the same HPR in the same area may be distantly related (e.g. HPR6), while isolates from different geographical areas but with the same HPR may be closely related.
So far, 13 different HPR groups (HPR0 to HPR12) have been found in Europe. The HPR0 was obtained from a wild salmon with no clinical signs of ISA (Cunningham et al. 2002) . Benign ISAV isolates (non-pathogenic when injected into ISAV-free salmon) have been found in salmon farms and rivers on the west coast of Norway, but these isolates have so far not been characterised (A. Nylund pers. obs.) . If the HPR0 represents a non-pathogenic wild type, then this will have important implications for the understanding and interpretation of the pathogenic ISAV isolates from commercial salmon farms. The European HPR groups (the pathogenic isolates from salmon farms) can be interpreted as 'offspring' from such a wild-type and may represent a shift towards more virulent types of isolates. This would mean that each new HPR group could represent a new transmission from wild fish to farmed fish. If this hypothesis is correct, then the European ISAV isolates from farmed salmon studied so far would represent a minimum of 21 transitions from wild salmonids to farmed salmon according to the recorded HRP groups and the phylogeny (Fig. 2) . Those cases where isolates with similar HPR show close phylogenetic relationships could represent a single transmission from wild to commercial fish, and later transmission of the isolate between commercial sites or several separate transmission from the same wild-type stock. If this hypothesis is correct, then one would also expect to find isolates that are distantly related within the same HPR group, i.e. several distinct wild-type isolates/strains occurring in the wild populations of salmonids in Europe. A support for this hypothesis can be found in the pattern (time and space) of HPR groups and the relationship within the HPR groups.
Based on the calculated substitution rate (HA gene), the divergence date between the European and American isolates was calculated to be around 1800, which is 100 yr earlier than the date suggested by Krossøy et al. (2001b) . However, one should be cautious about this dating for several reasons: evolutionary rates are not always linear with time (Scholtissek et al. 1993) ; the timescale of virus isolation and the number of isolates included will probably affect estimated evolutionary rates; different gene segments may also have different evolutionary rates, and genetic shift may occur in viruses with segmented genomes (Webster et al. 1992 ). As suggested above, the HA gene of the ISAV may have a mechanism for overcoming the host immune system that differs from that of other orthomyxoviruses. Changes in the HPR may buffer the selections pressure on the HA gene and result in a lower mutation rate of the St region of this gene. If, on the other hand, the mutation rate calculated for the HA gene is valid, then the ISAV in America and Europe separated before transportation (1883 to 1884) of salmonid fishes between these 2 regions took place (Rasmussen 1967 , Courtney et al. 1984 , Welcomme 1988 , Krossøy et al. 2001b . Future studies on other gene segments from ISAV isolates may give additional information about the separation of American and European isolates.
New hypothesis for maintenance and emergence of ISAV in Europe
A good understanding of how new isolates of ISAV emerge in salmon culture systems and how ISAV isolates are maintained in salmonid populations (wild and cultured) is a prerequisite for a proper management of this disease. Since ISA first emerged in Norwegian salmon culture in 1984 (Thorud & Djupvik 1988) , much knowledge has accumulated, and studies of the haemagglutinin gene have demonstrated a pattern of relationship among isolates from different outbreaks. Based on this information it is now possible to build a hypothesis that may explain the maintenance of the ISAV in wild and cultured salmonid populations and the emergence of ISA in the different affected salmonfarming areas.
Possible wild hosts and maintenance of the ISAV The official history of the ISAV goes back to 1984, but this virus must be much older, being a distant relative of other viruses in the family Orthomyxoviridae . Based on the mutation rate of the RNA-dependent RNA polymerase (ISAV Segment 2) the separation between the North American and European isolates was suggested to have occurred between 1840 and 1920 (Krossøy et al. 2001b , Krossøy 2002 . The present study indicates an even earlier separation. It is also well documented that most salmonids (Salmo spp., Oncorhynchus spp. and Salvelinus alpinus) may serve as hosts for the ISAV (Nylund et al. 1995a ,b,c, 1997 , Rolland & Nylund 1998a , Devold et al. 2000 , Kibenge et al. 2001a . Based on this knowledge, it should be fairly safe to assume that the ISAV has a long history connected to 1 or several of these salmonids.
Norwegian lakes and river systems constitute a natural environment for 3 of these salmonids (Salmo salar, S. trutta and Salvelinus alpinus), and the Norwegian natural populations of salmon and trout are probably the largest in Europe. It should be fairly safe to assume that the ISAV has been present in 1 or several of the local populations of salmon and trout from different Norwegian river systems and that there has been a coevolution between the virus and its hosts. This must have been the situation before salmon farming became an important industry in Norway.
Enveloped viruses are relatively unstable outside a competent host, and for a virus to remain in circulation it must be able to move efficiently among different hosts and/or to persist in an individual host (Knipe & Howley 2001) . Requirements for the maintenance of a virus in an area include a steady supply of susceptible hosts or mechanisms that can secure persistence of the virus within infected individuals. In the individual host, evasion of immunity is necessary to permit virus persistence. Hence, the number of host species and the density, size and distribution pattern of host populations are important factors for the maintenance and spread of viruses. The population structure of salmonids is strongly influenced by anadromous behaviour. The highest population densities are found in rivers and lakes, which means that salmon and trout in Norway (and other Europeans countries) occur in a multitude of relatively small and partly isolated populations. The most frequent interactions between salmonids occur during spawning in rivers. The rivers are also the rearing areas for susceptible fry, parr and smolts, i.e. individuals that can be expected to lack acquired immunity towards viral diseases. The population densities in the open ocean (salmon) and in fjords (trout and salmon) will in most cases be significantly lower than in rivers. Based on these facts it is expected that a virus which has co-evolved with salmon/trout should be adapted to transmission in the freshwater phase, i.e. in the rivers and preferably during spawning when the chances of interactions between individuals are highest. In addition to breeding interactions, it is also well documented that eggs are eaten by other fishes present in the breeding grounds. This includes all individuals from breeding fish to fry, parr and smolts.
It has been thoroughly documented that the ISAV can be transmitted in both fresh-and seawater and it has been shown that the virus can be present in mucus, urine, faeces and ovarian fluids of infected individuals (Thorud & Djupvik 1988 , Thorud 1991 , Nylund et al. 1993 , 1994a ,b, 1995a ,b,c, 1997 , Hovland et al. 1994 , Nylund & Jakobsen 1995 , Totland et al. 1996 , Rolland & Nylund 1998a ,b, Jones et al. 1999 , Melville & Griffiths 1999 , Devold et al. 2000 , Jones & Groman 2001 , Raynard et al. 2001b ). These studies have also shown that the ISAV may enter via the gills and probably also through wounds involving salmon lice. It should therefore be expected that before the start of salmon culture, transmission of the ISAV most probably occurred mainly in rivers. The virus may also have been transmitted via pre-adult and adult salmon lice in fjords with high densities of trout. The latter could have been an important mechanism for transmission of ISAV between different river systems or river populations of salmonids. Another mechanism for transmission between river systems would be the return of ISAV-carrying salmonids to rivers other than their home river.
Growth and onset of maturation in the open ocean is an important character separating salmon from trout, and means that exposure of the salmon to fresh infection of ISAV will occur at a much lower frequency than for trout. Hence, the ISAV could be closer adapted to trout as a host species than to salmon (Nylund et al. 1994a , 1995a , Nylund & Jakobsen 1995 , Rolland & Nylund 1998a , Devold et al. 2000 . It has been documented that the production of ISAV in trout increases during stress and sexual maturation (Nylund et al. 1994a , 1995a , Rolland & Nylund 1998a , Devold et al. 2000 . However, if adult salmon in some rivers become infected during spawning, then subsequent mortality will be of little consequence, since most salmon spawn only once. In addition, the salmon in most Norwegian rivers spawn approximately 1 mo later than trout. However, salmon fry, parr and smolt should have evolved some mechanism to increase the possibility of survival during ISAV exposure in rivers. These mechanisms could be behavioural (avoiding the breeding grounds) or innate, i.e. reduced susceptibility to ISAV infection in the river phase. At present there is little information available about the susceptibility of fry in freshwater, but in one experiment at our laboratory, first-feeding fry seemed to be less susceptible to ISAV than smolt and adult salmon (A. Nylund unpubl. data) . Several researchers have also observed that salmon seem to be less susceptible to ISAV (or less likely to develop ISA) during the period September to December which covers the period when spawning occurs in the autumn (K. Falk pers. comm., A. Nylund pers. obs.). This could be an adaptation for protection against ISAV exposure during spawning. Another possible explanation is that all dominating ISAV isolates in wild fishes are benign to all salmonids (see above). When a pathogenic strain emerges in the river system, after mortality of the infected salmon it will soon be lost due to lack of a susceptible host because of acquired immunity of trout and surviving salmon. The pathogenic ISAV isolate will thus die out before it can be transmitted to new river systems.
The population structure of wild trout (Salmo trutta), small and partly isolated populations with highest density and interactions in rivers) should have had an important influence on the distribution pattern of ISAV isolates. If transmission of ISAV has mainly occurred during spawning in rivers, then distinct river or riversystem isolates may have developed. It is also well established that a virus that uses several hosts may develop distinct isolates/strains that are specific for each host as a result of co-evolution with the host (Knipe & Howley 2001) . Since salmon and trout co-exist closely in the river systems, the evolution of host-specific strains are less likely in Europe. It is more likely that host-specific strains may have developed separately in North America and Europe, since the former is dominated by introduced Oncorhynchus mykiss and resident S. salar, while in the latter, rivers are dominated by both S. trutta and S. salar. This is partly supported by the large difference between American and European isolates (Blake et al. 1999 , Cunningham & Snow 2000 , Inglis et al. 2000 , Devold et al. 2001 , Kibenge et al. 2001b , Krossøy et al. 2001a . However, this difference may simply be a result of very little gene flow between European and North American ISAV isolates. A hypothesis that places a major emphasis on river transmission of ISAV would result in a distribution pattern of ISAV isolates in Europe comprising mainly river-system-specific isolates. At the very least, the hypothesis would be supported by a cline of increasing difference between isolates from the south to the north of the distribution area of trout due to opposing evolutionary mechanisms such as mutations/drift/selection on the one hand and gene flow on the other. Support for this can be found in the presence of area-specific ISAV isolates in Europe (present study). The basic distribution pattern of ISAV isolates that emerges reflects both geographic area and time of isolation. In addition, claims of transmission of ISAV isolates between farms are supported (cf. Devold et al. 2001) .
In our phylogenetic studies, some of the isolates within HPR groups are very similar, and cluster together with high support values, while other isolates within the same HPR show no close phylogenetic affinities (Table 1, Fig. 2 ). The pattern (distribution in time and space) of the HPR groups indicate, that the hypothesis of river-system-specific isolates could be correct. When isolates with a new HPR group are found within an area, later isolates of the same HPRtype within the same area are always closely related. A recent example is HPR11, which was first discovered in 2000 in Sogn og Fjordane. All later isolates with the same HPR in this county and in the neighbouring county (Møre og Romsdal) have been closely related. HPR7 is an example in which the isolates fall into several distinct phylogenetic groups. This HPR has been found in 16 isolates collected between 1996 and 2000 in 3 Norwegian counties and in Scotland. Seven of these isolates (H17/96, H36/98, H40/98, SF41/98, H45/98, H51/00 and H56/00) group together with a high support value; the Scottish isolate Scot43/98 shows no clear affinity with any of the Norwegian isolates, and the 3 isolates from Nordland fall into 2 separate groups, with 2 isolates (N29/97 and N32/98) from the southern/middle part of Nordland comprising 1 group and 1 isolate (N49/99), from the northern part of Nordland grouping with isolates from Hitra (HPR6). HPR2 constitutes a similar example.
Emergence of ISAV in salmon farms
Salmon farming within the living/growing areas of trout may have changed the 'balance' between the ISAV and wild salmonids. The increasing numbers of susceptible hosts (salmon) within the migration areas of wild salmon and trout must have increased the chances of transmission of pathogens from wild to farm fish, which resulted in the emergence of ISA.
Another influence from salmon farming is the increased production of salmon lice (Lepeophteirus salmonis) in the feeding areas of the sea trout. Several studies have documented the early return of sea trout with heavy lice infections in areas of salmon farming (Tully et al. 1993a ,b, Birkeland & Jakobsen 1997 , while lice pressure seems to be lower in areas without salmon farming. Other studies have shown that a high number of salmon lice constitute an important stress for trout (Birkeland 1996 , Grimnes & Jakobsen 1996 , Dawson et al. 1998 , Bowers et al. 2000 . It has also been documented that stress increases the production of ISAV in infected trout (carrier trout) and that salmon lice may be effective vectors transmitting the ISAV from infected fish to susceptible individuals (Nylund et al. 1993 , 1994a , 1995a , Rolland & Nylund 1998b , Devold et al. 2000 . Hence, salmon farming through the introduction of a high number of susceptible individuals and increased production of salmon lice may have opened a new transmission route for the ISAV, from wild to farmed fish and between farms. Transmission of ISAV between farms may result from farming activity.
In most cases, transmission of ISAV to farmed salmon will be a dead-end for the virus, at least in areas where infected populations are culled and the farm sites fallowed before the virus is transmitted further. Transmission back to wild populations of salmon and trout is probably negligible, since the number of susceptible individuals will be low and some individuals will already have acquired some immunity against the ISAV. The situation will be somewhat different if the ISAV is transported via farm activity (transportation of smolt, equipment etc.) to areas where the wild populations are ISAV-free. In such areas there may be a possibility of transmission back to wild fish via escaped farm fish, salmon lice etc., and new ISAV loci may be established. There exists little or no documentation of transmission of pathogenic ISAV isolates from farmed to wild populations of salmonids and there are no reports of mortality due to ISA in wild populations. Admittedly, the chances of finding moribund and dead fish in the wild is minute. Epizootiological studies of the ISAV in farmed and wild populations of salmonids may, however, give an insight into the importance of transmission via farm activity. The presence of 2 very different groups of ISAV isolates in Sør-Trønderlag (ST) may indicate that 1 of these isolate groups has been transported to the area by farming activity (Table 1, Fig. 2 ).
An observation supporting the hypothesis that ISAV in wild populations of salmonids may be the driving force behind emergence of ISA in farmed populations of salmon is the cycle of new ISA outbreaks (cf. Håstein et al. 1999, their Fig. 1, p . 222). The major peak of new ISA outbreaks in Norway occurred between 1988 and 1992 and fell to zero in 1994. A recommencement of ISA outbreaks in 1995 was followed by an increase in new outbreaks in the following years. At the end of the 1970s and beginning of the 1980s, 'haemorrhagic syndromes' (HS) were quite common observations in Norwegian salmon farming (Poppe et al. 1983 ). It has now been established that HS must have been caused by several pathogens, resulting in cold-water vibriosis, the cardiomyopathy syndrome, and the haemorrhagic smolt syndrome. In addition, ISAV-like particles have been found in tissues from salmon that died in 1977/1978 with haemorrhagic syndrome (A. Nylund pers. obs.). Hence, we can speak of 3 peaks of ISA in Norwegian salmon farming. An explanation for these cycles in ISA outbreaks could be that the prevalence of ISAV builds up in wild populations of salmonids, increasing the possibility of transmission to farmed populations. When the number of susceptible wild individuals drops, due to natural acquired immunity and natural mortality of infected individuals, the chances for transmission of ISAV to farmed populations also drop. The cycle will be repeated when new susceptible individuals increase in number in the wild populations. Admittedly, testing this hypothesis requires screening of wild populations over decades and correlating these results with outbreaks of ISA in farmed populations in the same areas. Still, if this hypothesis proves to be correct it will have important implications for future management of this disease and for choice of combat strategy, culling or vaccination. Future isolation of ISAV from wild salmonids and challenge experiments will show if isolates with an HPR0 haemagglutinin represent the typical benign wild type as opposed to the known pathogenic farmed isolates.
